During transcription initiation, RNA polymerase (RNAP) holoenzyme unwinds ∼13 bp of promoter DNA, forming an RNAP-promoter open complex (RPo) containing a single-stranded transcription bubble, and selects a template-strand nucleotide to serve as the transcription start site (TSS). In RPo, RNAP core enzyme makes sequence-specific protein-DNA interactions with the downstream part of the nontemplate strand of the transcription bubble ("core recognition element," CRE). Here, we investigated whether sequence-specific RNAP-CRE interactions affect TSS selection. To do this, we used two next-generation sequencing-based approaches to compare the TSS profile of WT RNAP to that of an RNAP derivative defective in sequence-specific RNAP-CRE interactions. First, using massively systematic transcript end readout, MASTER, we assessed effects of RNAP-CRE interactions on TSS selection in vitro and in vivo for a library of 4 7 (∼16,000) consensus promoters containing different TSS region sequences, and we observed that the TSS profile of the RNAP derivative defective in RNAP-CRE interactions differed from that of WT RNAP, in a manner that correlated with the presence of consensus CRE sequences in the TSS region. Second, using 5′ merodiploid nativeelongating-transcript sequencing, 5′ mNET-seq, we assessed effects of RNAP-CRE interactions at natural promoters in Escherichia coli, and we identified 39 promoters at which RNAP-CRE interactions determine TSS selection. Our findings establish RNAP-CRE interactions are a functional determinant of TSS selection. We propose that RNAP-CRE interactions modulate the position of the downstream end of the transcription bubble in RPo, and thereby modulate TSS selection, which involves transcription bubble expansion or transcription bubble contraction (scrunching or antiscrunching).
During transcription initiation, RNA polymerase (RNAP) holoenzyme unwinds ∼13 bp of promoter DNA, forming an RNAP-promoter open complex (RPo) containing a single-stranded transcription bubble, and selects a template-strand nucleotide to serve as the transcription start site (TSS). In RPo, RNAP core enzyme makes sequence-specific protein-DNA interactions with the downstream part of the nontemplate strand of the transcription bubble ("core recognition element," CRE). Here, we investigated whether sequence-specific RNAP-CRE interactions affect TSS selection. To do this, we used two next-generation sequencing-based approaches to compare the TSS profile of WT RNAP to that of an RNAP derivative defective in sequence-specific RNAP-CRE interactions. First, using massively systematic transcript end readout, MASTER, we assessed effects of RNAP-CRE interactions on TSS selection in vitro and in vivo for a library of 4 7 (∼16,000) consensus promoters containing different TSS region sequences, and we observed that the TSS profile of the RNAP derivative defective in RNAP-CRE interactions differed from that of WT RNAP, in a manner that correlated with the presence of consensus CRE sequences in the TSS region. Second, using 5′ merodiploid nativeelongating-transcript sequencing, 5′ mNET-seq, we assessed effects of RNAP-CRE interactions at natural promoters in Escherichia coli, and we identified 39 promoters at which RNAP-CRE interactions determine TSS selection. Our findings establish RNAP-CRE interactions are a functional determinant of TSS selection. We propose that RNAP-CRE interactions modulate the position of the downstream end of the transcription bubble in RPo, and thereby modulate TSS selection, which involves transcription bubble expansion or transcription bubble contraction (scrunching or antiscrunching).
RNA polymerase | transcription start site selection | promoter | transcription bubble | transcription initiation T ranscription initiation consists of a number of biochemical steps leading to formation of a phosphodiester bond between a nucleoside triphosphate (NTP) bound in the RNA polymerase (RNAP) active-center initiating NTP binding site (i site) and an NTP bound in the RNAP active-center extending NTP binding site (i+1 site) (1) (2) (3) . For bacterial RNAP, promoter-specific initiation requires the RNAP core enzyme (subunit composition α 2 ββ'ω) to associate with a σ factor forming the RNAP holoenzyme (subunit composition α 2 ββ'ωσ). The σ factor contains determinants for sequence-specific protein-DNA interactions with four core promoter elements: the −35 element, the extended −10 element, the −10 element, and the discriminator element (4) .
During transcription initiation, RNAP holoenzyme unwinds promoter DNA to form an RNAP-promoter open complex (RPo) containing an unwound, single-stranded "transcription bubble." The process of promoter unwinding begins within the promoter −10 element and propagates downstream, enabling single-stranded nucleotides at the downstream end of the transcription bubble template strand to occupy the RNAP active center i and i+1 sites (Fig. 1A) (1-3) . In particular, in RPo, the second-most downstream nucleotide of the transcription bubble template strand occupies the active center i site and serves as the transcription start site (TSS), and the downstream-most nucleotide of the transcription bubble template strand occupies the active center i+1 site. We designate the template-strand nucleotide at the TSS position as TSS T (Fig. 1 , base in pink) and the template-strand nucleotide at the next base pair as TSS+1 T (Fig. 1 , base in red).
The position of the TSS relative to the position of the promoter −10 element is variable (5) (6) (7) (8) (9) (10) (11) . TSS selection preferentially occurs at the position 7-bp downstream of the promoter −10 element, but can occur over a range of at least five positions, encompassing the positions 6-, 7-, 8-, 9-, or 10-bp downstream of the promoter −10 element. Thus, there must be flexibility in the structure of RPo that enables the position of the TSS to vary relative to the position of the −10 element. We previously have proposed that variability in TSS selection is mediated by variability in the size of the unwound transcription bubble (Fig. S1A) (11) (12) (13) . According to this model, RPo generally contains a 13-bp unwound transcription bubble that places the template-strand nucleotide 7-bp downstream of the −10 element in the i site and places the templatestrand nucleotide 8-bp downstream of the −10 element in the i+1 site ( Fig. 1A and Fig. S1A ) (TSS = 7). For TSS selection to occur Significance For all cellular RNA polymerases, the position of the transcription start site (TSS) relative to core promoter elements is variable. Furthermore, environmental conditions and regulatory factors that affect TSS selection have profound effects on levels of gene expression. Thus, identifying determinants of TSS selection is important for understanding gene expression control. Here we identify a previously undocumented determinant for TSS selection by Escherichia coli RNA polymerase. We show that sequencespecific protein-DNA interactions between RNA polymerase core enzyme and a sequence element in unwound promoter DNA, the core recognition element, modulate TSS selection.
at positions further downstream, the downstream DNA duplex is unwound, the unwound DNA is pulled into and past the RNAP active center, and the unwound DNA is accommodated as singlestranded DNA bulges within the transcription bubble, yielding a "scrunched" complex ( Fig. S1A ) (TSS = 8 and TSS = 9). For TSS selection to occur at positions further upstream, the opposite occurs: downstream DNA is rewound, downstream DNA is extruded from the RNAP active center, and the extrusion of DNA from the RNAP active center is accommodated by stretching DNA within the transcription bubble, yielding an "antiscrunched" complex ( Fig. S1A ) (TSS = 6). According to this model, any protein-DNA or proteinprotein interaction that affects the energy landscape for transcription bubble expansion or contraction (scrunching or antiscrunching) in RPo potentially could modulate TSS selection (13, 14) .
In the structure of RPo, the RNAP core makes direct protein-DNA interactions with the non-template-strand DNA segment at the downstream part of the transcription bubble (15); this DNA segment has been designated the "core recognition element" (CRE; Fig. 1A ) (15) . RNAP-CRE interactions with the non-template-strand nucleotide at the extreme downstream end of the transcription bubble (i.e., TSS+1 NT ) are sequence specific, with preference for the base G (G CRE ) (Fig. 1, red G) (15) .
It has been proposed that sequence-specific RNAP-G CRE interactions facilitate promoter unwinding to form the transcription bubble, stabilize the unwound transcription bubble, and define the downstream end of the transcription bubble (15) . According to this proposal, sequence-specific RNAP-G CRE interactions should affect the energy landscape for transcription bubble expansion or contraction (scrunching or antiscrunching) in RPo and therefore potentially could affect TSS selection (Fig. S1B) . Here we tested the proposal that sequence-specific RNAP-G CRE interactions affect TSS selection. To do this, we used high-throughput sequencing-based approaches to compare TSS selection by WT RNAP to TSS selection by a mutant RNAP defective in sequencespecific RNAP-G CRE interactions. Our results demonstrate that sequence-specific RNAP-CRE interactions are a determinant of TSS selection.
Results
Sequence-Specific RNAP-CRE Interactions Are a Determinant of TSS Selection in Vitro. In crystal structures of RNAP-promoter open complexes, residue D446 of the RNAP β subunit makes direct H-bonded interactions with Watson-Crick H-bond-forming atoms of G at G CRE (15) . The interactions by βD446 determine specificity at G CRE . Thus, substitution of βD446 by alanine eliminates the ability of RNAP to distinguish A, G, C, and T at the G CRE position (16) . Accordingly, an RNAP derivative carrying the βD446A substitution can serve as a reagent to assess the functional significance of sequence-specific RNAP-G CRE interactions (Fig. 1B, Lower Left) .
To define the contribution of sequence-specific RNAP-G CRE interactions to TSS selection, we used a high-throughput sequencing-based methodology termed massively systematic transcript end readout (MASTER) (11) . MASTER entails the construction of a template library that contains up to 4 10 (∼1,000,000) bar-coded sequences, production of RNA transcripts from the template library in vitro or in vivo, and analysis of transcript ends using highthroughput sequencing (11, 13) .
To analyze the effect of disrupting sequence-specific RNAP-G CRE interactions on TSS selection, we used a MASTER template library, lacCONS-N7, that contained 4 7 (∼16,000) sequence variants at positions 4-10 bp downstream of the −10 element of a consensus Escherichia coli σ 70 -dependent promoter (Fig. 1B , Upper) (11) . We performed in vitro transcription experiments with the lacCONS-N7 template library, using, in parallel, WT RNAP (RNAP-β WT ) or the RNAP derivative containing the βD446A substitution (RNAP-β D446A ). RNA products generated in the transcription reactions were isolated and analyzed using highthroughput sequencing of RNA barcodes and 5′ ends (5′ RNAseq) to define, for each RNA product, the template that produced the RNA and the TSS position (Fig. 1B , Lower Right). For each sequence variant, we calculated the percentage of reads starting at each position within the randomized TSS region, %TSS Y = 100 × (no. reads starting at position Y/total no. reads starting at positions 4-10).
To determine the effect of disrupting RNAP-G CRE interactions on TSS selection, we considered TSS positions where TSS+1 NT is included within the randomized region of the MASTER template library (i.e., TSS positions 6, 7, 8, and 9). We first calculated %TSS values for each of these positions on the basis of the identity of TSS+1 NT . Thus, for each TSS position, we averaged the %TSS values for the ∼4,000 templates having A at TSS+1 NT , the ∼4,000 templates having C at TSS+1 NT , the ∼4,000 templates having G at TSS+1 NT , and the ∼4,000 templates having T at TSS+1 NT . Next, we calculated the difference in these %TSS values for reactions RNA-seq analysis of RNA products generated from the MASTER-N7 template library in vitro. The sequence of the barcode is used to assign the RNA product to an N7 region and the sequence of the 5′ end is used to define the TSS. (Lower Left) Structural organization of downstream end of transcription bubble in RPo for promoter containing G CRE formed with WT RNAP (Upper) or RNAP derivative carrying the βD446A substitution (Lower). Black "βD446," RNAP β-subunit residue that makes sequence-specific favorable interaction with G CRE . Black "βA446," RNAP β-subunit residue in mutant RNAP defective in sequencespecific interaction with G CRE . Other rendering and colors as in A.
performed with RNAP-β WT vs. reactions performed with RNAP-β D446A . We observed that, for all four tested TSS positions (positions 6, 7, 8, and 9), the βD446A substitution decreased the %TSS when TSS+1 NT was G (1.3-7.3% decreases; Fig. 2A , top row of table). In contrast, for three of the four tested TSS positions (positions 6, 7, and 8), the βD446A substitution did not decrease the %TSS when TSS+1 NT was A, C, or T, and, for the fourth position (position 9), the βD446A substitution did not decrease the %TSS, or decreased the %TSS by smaller amounts, when TSS+1 NT was A, C, or T ( Fig. 2A , bottom three rows of table).
We identified 1,230 TSS positions (5.6% of the 21,872 abovethreshold TSS positions located 6-, 7-, 8-, or 9-bp downstream of the −10 element) that exhibited large, ≥20%, reductions in %TSS in reactions performed with RNAP-β D446A vs. reactions performed with RNAP-β WT . For these 1,230 TSS positions with large, ≥20%, CRE effects, ∼90% contained G at TSS+1 NT (Fig.  2B , top row, Right), whereas, for the total sample of 21,872 TSS positions, there were no detectable sequence preferences at position TSS+1 NT (Fig. 2B, top row, Left) . Enrichment of G at TSS+1 NT for TSS position with large, ≥20%, CRE effects was observed for TSS positions located 6-, 7-, 8-, or 9-bp downstream of the −10 element (TSS = 6, 7, 8, or 9) (Fig. 2B , bottom four rows). In summary, the overwhelming majority of TSS positions that exhibit large, ≥20%, CRE effects have G at TSS+1 NT .
To validate the MASTER results, we performed further analyses of two TSS region sequences that exhibited large, ≥20%, CRE effects, contained a TSS at the most common position (position 7), and contained G at TSS+1 NT (position 8) (Fig. 3) . For each of these two TSS region sequences, we prepared templates containing G, A, C, or T at position TSS+1 NT , performed in vitro transcription experiments with RNAP-β WT or RNAP-β D446A , and analyzed RNA products by primer extension. For each of the two sets of constructs, the primer-extension results matched the MASTER results. A large, ∼30%, CRE effect was observed when TSS+1 NT was G but not when TSS+1 NT was A, C, or T (Fig. 3) .
The results in Figs. 2 and 3 establish that disrupting sequence-specific RNAP-G CRE interactions affects TSS selection in vitro in a manner that correlates with the presence and position of G CRE in the TSS region. We conclude that sequencespecific RNAP-CRE interactions are a determinant of TSS selection in vitro.
Sequence-Specific RNAP-CRE Interactions Are a Determinant of TSS Selection in Vivo. Analysis of 4 7 (∼16,000) consensus promoter derivatives. To define the contribution of sequence-specific RNAP-G CRE interactions to TSS selection in vivo, we used merodiploid native-elongating transcript sequencing (mNET-seq) (16) . mNET-seq involves selective analysis of transcripts associated with an epitopetagged RNAP in the presence of a mixed population of epitopetagged RNAP and untagged RNAP (Fig. 4A) . In prior work, we used mNET-seq to determine the effect of sequence-specific RNAP-G CRE interactions on pausing during elongation (16) . In this work, we used a variant of mNET-seq, 5′ mNET-seq, to determine the effect of sequence-specific RNAP-G CRE interactions on TSS selection (Fig. 4A) . To do this, we introduced into cells a plasmid encoding 3xFLAG-tagged β WT or 3× FLAG-tagged β D446A , isolated RNA products associated with RNAP-β WT or RNAP-β D446A by immunoprecipitation, converted RNA 5′ ends to cDNAs, and performed high-throughput sequencing (Fig. 4A) .
To enable direct comparison of in vivo and in vitro results, we performed 5′ mNET-seq using the same MASTER template library of 4 7 (∼16,000) consensus core promoter derivatives that we used for in vitro analysis. The results of MASTER in vivo (Fig. 4 B and C) matched the results of MASTER in vitro (Fig.  2 ). For all four tested TSS positions (positions 6, 7, 8, and 9), the βD446A substitution decreased the %TSS when TSS+1 NT was G (0.6-7.3% decreases) (Fig. 4B, top row of table) . In contrast, for three of the four tested TSS positions (positions 6, 7, and 8), the βD446A substitution did not decrease the %TSS when TSS+1 NT was A, C, or T, and, for the fourth position (position 9), the βD446A substitution decreased the %TSS by smaller amounts when TSS+1 NT was A, C, or T (Fig. 4B , bottom three rows of table). Furthermore, we identified 860 TSS positions (4.3% of the 20,217 above-threshold TSS positions located 6-, 7-, 8-, or 9-bp downstream of the −10 element) with large, ≥20%, CRE effects. For these 860 TSS positions with large, ≥20%, CRE effects, ∼80% contained G at TSS+1 NT (Fig. 4C, Right) , whereas, for the total sample of 20,217 TSS positions, there were no detectable sequence preferences at position TSS+1 NT (Fig. 4C, Left) . The results establish that disrupting sequence-specific RNAP-G CRE interactions affects TSS selection in vivo in a manner that correlates with the presence and position of G CRE in the TSS region. We conclude that sequence-specific RNAP-CRE interactions are a determinant of TSS selection in vivo. Analysis of E. coli transcriptome. Having shown by MASTER that sequence-specific RNAP-CRE interactions are a determinant of TSS selection in the context of a consensus core promoter in vivo, we next assessed the contribution of sequence-specific RNAP-CRE interactions to TSS selection in the context of natural promoters in vivo in E. coli. (The primers used in the in vivo MASTER analysis by 5′ mNET-seq shown in Fig. 4 provided information only about transcripts from the synthetic consensus promoter derivatives. This is because the primers used for synthesis of the first cDNA strand annealed only to transcripts produced from the synthetic consensus promoter derivatives. A separate experiment, with primers that enable generation of cDNAs from transcripts produced from natural E. coli promoters, was necessary to provide information about transcripts from natural E. coli promoters. Therefore, to analyze transcripts from natural E. coli promoters, the primers used for synthesis of the first cDNA strand carried nine randomized nucleotides at the 3′ end.)
Using data from experiments performed with RNAP-β WT , we identified 1,500 above-threshold TSS positions associated with natural promoters in E. coli. Of these 1,500 TSS positions, we identified 44 TSS positions that exhibited large, ≥20%, CRE effects (Table S1 ); 39 of these 44 (∼90%) contained G at TSS+ 1 NT (Fig. 5B , Right, and Table S1), whereas for the total sample of 1,500 above-threshold TSS, there were no detectable sequence preferences at TSS+1 NT (Fig. 5B, Left) .
To validate the 5′ mNET-seq results, we performed primerextension experiments with two E. coli promoters that contained a TSS that exhibited a large, ≥20%, CRE effect and contained G at TSS+1 NT : PsecE and PhemC (Table S1 ). We generated linear templates carrying PsecE or PhemC, performed in vitro transcription assays using RNAP-β WT or RNAP-β
D446A
, and analyzed TSS selection by primer extension (Fig. 5C ). For each promoter, two prominent start sites were observed in reactions with RNAP-β WT . In the case of PsecE, ∼60% of the transcripts started at an A located 7-bp downstream of the predicted −10 element (A7) and ∼40% of the transcripts started at a G located 8-bp downstream (G8) (Fig. 5C, Left) . In the case of PhemC, ∼30% of the transcripts started at an A located 6-bp downstream of the predicted −10 element (A6) and ∼70% of the transcripts started at a G located 8-bp downstream (G8) (Fig. 5C, Right) . For each promoter, the percentage of transcripts starting at the position that contained G at TSS+1 NT (A7 for PsecE and G8 for PhemC) was reduced by ∼30% when reactions were performed with RNAP-β D446A (Fig. 5C ), consistent with results of 5′ mNETseq (Table S1 ). We conclude that sequence-specific RNAP-CRE interactions are a determinant of TSS selection in natural promoters in the E. coli genome.
Discussion
Sequence-Specific RNAP-CRE Interactions in TSS Selection. Here we show that sequence-specific interactions between RNAP and the downstream segment of the nontemplate strand of the transcription bubble (CRE) are a determinant of TSS selection. In particular, using high-throughput sequencing-based approaches, we define a role of sequence-specific recognition of a G at the most downstream position of the CRE (G CRE ) during TSS selection in the context of a library of 4 7 (∼16,000) TSS region sequences of a consensus core promoter in vitro and in vivo (Figs. 2-4 ) and in the context of natural promoters in E. coli in vivo (Fig. 5 and Table S1 ).
As discussed above, variability in TSS selection is believed to involve transcription bubble expansion or contraction (scrunching or antiscrunching) in RPo (Fig. S1A) (11) (12) (13) (14) . We propose that the observed effects of sequence-specific RNAP-CRE interactions on TSS selection occur by influencing transcription bubble expansion or contraction (scrunching or antiscrunching) in RPo (Fig. S1B) . Specifically, we propose that sequence-specific RNAP-CRE interactions favor TSS selection at sequences that contain G at TSS+1 NT . According to this proposal, the role of sequence-specific RNAP-CRE interactions in defining the downstream edge of the transcription bubble concurrently defines the extent of transcription bubble expansion or contraction (scrunching or antiscrunching) in RPo and therefore modulates TSS selection (Fig. S1B) .
The results of this work, together with results of previous work, establish that TSS selection involves at least four promoter sequence determinants: (i) position relative to the −10 element (preference for the position 7-bp downstream of the −10 element) (5-11); (ii) sequence of TSS T and TSS-1 T (strong preference for pyrimidine at TSS T and preference for purine at TSS-1 T , which enable initiation with a purine NTP and maximize stacking between DNA bases and the initiating purine NTP) (11, (17) (18) (19) (20) ; (iii) sequence of the discriminator element (preference for TSS selection at upstream positions for discriminator sequences that disfavor scrunching and preference for TSS selection at downstream positions for discriminator sequences that favor scrunching) (13, 14) ; and (iv) sequence of the CRE (preference for G at TSS+1 NT ). In addition to these sequence determinants, DNA topology and NTP concentrations also influence TSS selection (6, 8, 9, 11, (21) (22) (23) (24) (25) (26) . Thus, TSS selection is a multifactorial process, in which the ultimate outcome for a given promoter reflects the contributions of multiple promoter sequence determinants and multiple reaction conditions. Because sequence-specific RNAP-CRE interactions are only one of several determinants of TSS selection, their quantitative significance at different promoters differs. At some promoters, such as PsecE and PhemC, sequence-specific RNAP-CRE interactions have quantitatively large, ≥20%, effects on TSS selection (Fig. 5C and Table S1 ), whereas at other promoters, the quantitative effects of RNAP-CRE interactions are smaller. Prospect. In prior work, we showed that sequence-specific RNAP-CRE interactions affect RPo formation during transcription initiation, RPo stability during transcription initiation, translocational bias during transcription elongation, and sequence-specific pausing during transcription elongation (15, 16) . Accordingly, our findings that sequence-specific RNAP-CRE interactions are a determinant of TSS selection add to an emerging view that sequence-specific RNAP-CRE interactions play functionally important roles during all stages of transcription that involve an unwound transcription bubble. A priority for future work will be to assess the roles of sequence-specific RNAP-CRE interactions in other steps of transcription that involve an unwound transcription bubble (e.g., transcriptional slippage, initial transcription, promoter escape, factor-dependent pausing, and termination). Another priority for future work will be to assess possible roles of sequence-specific RNAP-CRE interactions in eukaryotic transcription, noting that RNAP residues involved in sequence-specific RNAP-CRE interactions are conserved in bacteria and eukaryotes.
Materials and Methods
Details for all procedures are in the SI Materials and Methods.
Plasmids and Oligonucleotides. Plasmids are listed in Table S2 . Oligonucleotides are listed in Table S3 . (Table S1 ). (C ) Primer-extension analysis of TSS selection in vitro from natural promoters. RNA products were generated in reactions performed with RNAP-β WT or RNAP-β D446A and templates carrying PsecE (Left) or PhemC (Right). The sequence of each promoter, including the −10 element and 12 downstream bp, is provided. In the case of PsecE, bands corresponding to a TSS at A7 or G8 are indicated. In the case of PhemC, bands corresponding to a TSS at A6 or G8 are indicated. Base in red is G CRE associated with the TSS at A7 of PsecE or with the TSS at G8 of PhemC.
Proteins. RNAP-β WT holoenzyme and RNAP-β D446 holoenzyme were prepared from E. coli strain XE54 (27) transformed with plasmids pRL706 or pRL706-βD446A, respectively, using procedures described in ref. 28 .
In Vitro Transcription Assays. For MASTER experiments shown in Fig. 2 , single round in vitro transcription assays were performed essentially as described in ref. 11 using a linear DNA template containing the placCONS-N7 library (Fig. 1B,  Upper) . RNA products were purified and TSS selection was analyzed by 5′ RNAseq as described in ref. 11 (see Table S4 for list of samples). In vitro transcription assays shown in Figs. 3 and 5C were performed essentially as described in ref. 29 . RNA products generated in these reactions were analyzed by primer extension as described in ref. 29 .
5′ mNET-seq. For the in vivo MASTER experiments shown in Fig. 4 , E. coli DH10B-T1 R cells (Life Technologies) containing plasmids pRL706-β WT;3xFLAG or pRL706-β D446A;3xFLAG were transformed with ∼50 ng pMASTER-lacCONS-N7 library to obtain a 25-mL overnight culture representing cells derived from at least 20 million unique transformants; 0.5 mL of the overnight cell culture was used to inoculate 50 mL LB media containing 100 μg/μL carbenicillin and 25 μg/μL chloramphenicol. When the cell density reached an OD 600 ∼0.3, 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) was added, and cells were grown for an additional 2 h. RNA associated with RNAP was isolated using procedures described in ref. 16 .
For the experiments shown in Fig. 5 , MG1655 cells containing plasmids pRL706-β WT;3xFLAG or pRL706-β D446A;3xFLAG were shaken at 220 rpm at 37°C in 100 mL 4× LB (40 g Bacto tryptone, 20 g Bacto yeast extract, and 10 g NaCl per liter) containing 200 μg/μL carbenicillin in 500-mL DeLong flasks (Bellco). When cell density reached an OD 600 ∼0.6, 1 mM IPTG was added, and cells were grown for an additional 4 h. RNA associated with RNAP was isolated using procedures described in ref. 16 .
RNA products associated with RNAP were analyzed by 5′ RNA-seq using procedures described in ref. 30 (see Table S4 for list of samples).
In Vitro and in Vivo MASTER Data Analysis. Analysis of 5′ RNA-seq data obtained from MASTER experiments was performed essentially as described in ref. 11 . Sequencing of template DNA was used to associate the 7-bp randomized TSS region sequence with a corresponding second 15-bp randomized sequence that serves as its barcode. Reads that contained a perfect match to the DNA template from which they were derived were used for the analysis of TSS selection. The percentage of reads starting at a given TSS position (%TSS) was calculated using the following formula: %TSS Y = 100 × (no. reads starting at position Y/total no. reads starting at positions 4-10). Above-threshold TSS positions were those for which the %TSS value was ≥20%.
5′ mNET-seq Analysis of Natural Promoters in Vivo in E. coli. Identification of TSS positions and TSS regions for natural promoters in E. coli was done essentially as described in ref. 31 . The first six bases of each read were trimmed (to remove sequences introduced during the cDNA library construction procedure), and the next 30 bases were aligned to the E. coli reference genome (NC_000913.3) using Bowtie (32) . Among these reads, we used those that aligned to a unique position in the genome with zero mismatches for the analysis of TSS selection.
Using data derived from the analysis of RNA products associated with RNAP-β WT , we defined a list of primary TSS positions that met the following two criteria: (i) the read count at the coordinate was above a threshold value (≥50 reads) and (ii) the read count at the coordinate represented a local maximum in an 11-bp window centered on the coordinate. For each primary TSS position, we designated the positions spanning 5-bp upstream to 5-bp downstream as a TSS region. Next, for each TSS region, we calculated the percentage of reads starting at each of the 11 positions: %TSS Y = 100 × (no. reads starting at position Y/total no. reads starting within the TSS region). We identified 1,500 TSS positions within TSS regions with an abovethreshold value of %TSS (≥20%). For each of these 1,500 TSS positions, we calculated the difference between the average %TSS observed in experiments performed with RNAP-β WT and that observed in experiments performed with RNAP-β D446A . TSS positions for which this difference was ≥20%
are listed in Table S1 .
